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(54) Ptosma nHridaAten of a sBEccKn odcte f Urn 

(57) Disdosed are a melhod and apparatus for 
fornrng an Ir^lating fOm on the surface of a semioon- 
ductor aibstrate (1) capable of urproving the quality 
and electrical properties of the insulating f£kn \»nth no 
employment of high-temperature heating and vnth good 
controOabflrty. After the surface of a silicon substrate is 
cleaned, a aiicon dioxide film having a thickness of 1-20 
nm is formed on the substrate surface. The aficon sulb- 
strata is exposed to plasma generated electron 
impact, while the silicon substrate is rraintalned at a 
temperature of 0°C to 700'C. Thus, nitrogen atoms are 
incorporated into the silicon (Sonde fOm, obtainirtg a 
mocfified insulating film haying good electrical proper- 
ties. 
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Dascrlptlon 

BACKGROUND OF THE INVENTION 

RekJ of the Invention: 

The present invention relates to a method for fornv 
ing an insuSab'ng film on the surface of a semtconductor 
substrate and to an apparatiA for carrying out the 
method. 

Description of the Related Art: 

Conventionally, silioon oxynitride fSms are used as 
^e inadfition ftln% and capacitor tnsuSating fOn% for 
smiconductor devices, partk:tdarty, when they are sili- 
con devices, MOS (Metal Oxide Senrconduc^ tran- 
sstors ^ MOS capacitors. These insulating films 
nmist have a high dielectric Isrrahdo^ voltage and a 
h3^ dielectric breakdo^ charge amount. A wafer 
cleaning process plays an important role in attainment 
of the requirement as \»afer8 must t>e property cleaned 
and have a low fixed electric charge density and a tow 
interface state den^. 

Atong with a recerrtterrdency to reduce the geome- 
try and tnaease integration of senmconductor dence cir- 
cuits. ^1e insutating ilArvs and capacitor ^isulating films 
are l^econmg thmner. For example, under the design 
rule of 0.1 |im or less, gate insulate fSms wusX be as 
thin as 3 rmri or less. 

Accorc&tg to a conventional m^hod for forming 
gate Insu^ng filnris d MOS tran^stors, a senrcconduc- 
tor substrate is exposed to an atmo^)here of dinitrogen 
monoxide (N2O) or nitrogen monoxide (NO) at a high 
tempe-ature of about 1000 •C. Alternatively, a wafer is 
heated to a temperature of about 700^ in an ammonia 
atmosphere. 

Also, conventional methods (or fornrmg oxynitride 
films at low tempa^tures indude the following: themal 
oxynitndation is performed while dtravidet rays are 
radiated: and sificon is dSrectly nitnded through e)qx> 
sure to nitrogen compound plasnta or nitrogen gas 
plasn^. However, these methods fail to form tfun 
quality oxynitride films with good controllability and 
reprodudti&ty. 

Conventionally practiced thernml oxynitridation 
using NgO gas has involved the following problems: 
heating at high temperature is required: the amount of 
nitrogen atonrs incorporated into a formed oxynitride 
film is relatively sn^l; and the quality of a silioon dioxide 
film is not sufficiently improved. According to conven- 
tionally practiced themnal oxynitndation using NO gas, a 
heating temperature is as low as atXMJt SOC'C. and the 
amount of nitrogen atoms incorporated into a formed 
oxynitride film increases somewhat however, the 
method has involved the problem tfat the thickness of a 
formed oxynitride f im cannot be made greater thaii a 
certain level. Conventionally practiced thernml oxynitri- 


dation vsing ammon^ gas has involved the foflowirtg 
problem. A formed cxynitride fSm contains a large 
amount of hydrogen, which serves as an electron trap, 
causing an im^rment in film quality. Thus. In order to 

5 eliminate f^rogen. after an oxynitride film Is fomrted, 
the film must be heated to a temperahire of about 1000 
^'C or must be oxidized. 

Also, conventionally practiced direct CDcynttridalion 
u&ng plasna \ms involved the problem that f Om qiality 

10 is impaired due to plasnr^ danrage. Parliculariy. the 
generation of nterface state not only impairs hot-cam'er 
properties of a transistor but also causes an unstable 
threshold vol^e of a transistor and impaired mobilty of 
carriers, which ffiduce a fatal problem for, particukirty, 

IS fine-pattemed devices. 

Further, the fine patterning of an element reqior^ a 
reduction In thermal treatment temperatura Accord- 
ingly, hjgh-temperature heating has raised the probS^re 
of dopant (fiffision and d^ect gen^atton. In RF- 

20 plasna-activated oxynitridation of a siiconcfioxidefSm, 
the use of NH3 plasnm enables a relatively terge 
amount of nitrogen atoms to t>e incorpor a ted into the 
fUm. but causes a restively large amount of hycfrogen 
atoms to also t>e incorporated kito the f5m. As a re^, 

25 Impairment in f 3m quaNty is involved. Alsoi the use of N2 
plasna fas involved inajfftcient improvment erf fi3m 
qiality. smce the amount of nitrogsn aton« incorpo- 
rated kito a fam is re^tivaly sn^. (Refsr ta for eatam- 
ple. P. Fazan. M. Dutoit arrd M. Oeg&m, "AppSed 

30 Sur1ace&»ence"Vol.30.pL224,1987.) 

SUMMARY OF THE INVENTION 

The present Invention has k>e^ acconrplished to 
35 solve the above-mentioned problen^ involved in con- 
ventior^ methods for forming an insulting f3m info 
which nitrogen atonrs are incorporated. An object of the 
present invention is to provide a method fbr fomnffig on 
the surface of a semScortductor substrate a htgh-qtality 
40 insulating fSm into wf^ a large amount of nitrogen 
atoms are incorpGraft«j..^[^^ 

To acfiieve the above object, the present invention 
provides a metfiod for forming an insulating fQm on tfie 

45 surface of a semkx)nductor substrate, comprising a st^ 
of exposing to plasnra generated by electron impact an 
insulating fQm d^)06ited on the surface of the semicon- 
ductor substrate. Through oqposure to plasma, the insu- 
lating ftbri 6 nrtod^. Preferably, ^adequate voltage is 

50 applied between an electron source or a grid electrode 
and the semtconductor sitetrate so as to pre/ent the 
occurence of a charge-up effect on the insulating fflm 
during exposure to plasnra. 

Preferably, the inflating film to be exposed to 

65 plasna is a s^icon epoxide film having a ttiiclmess of 1- 
20 nm. This thickness range provides an appropriate 
final fUm tNdoiess to ultra-thin gate insulating f Bms and 
capadtor insulating films of MIS transistors and MIS 
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capadtofs. The siicon dioxide film is deposited on a 
substrate through thermal ooddation. chemScal vapor- 
phase groft/th, chemical oxidation, physical vapor-phase 
growth, piasma-assisted chemical vapor-phase gro^. 
or the IBce. s 

Pr^erabJy. the semtconductor substrate is formed 
of at least a single raterial selected from the group con- 
sisting of single crystaJIme sdicon. pofycrystalline sili- 
con, amorphous silicon, gallium arsenide, indium 
phosphide, silicon carbcde. sifioon germanium, and sii- 10 
con genranium carbkJa These nraterials eocpand the 
range of applications of semiconductor substrates 
formed tttereof. 

Preferably, plasnra is generated by electron impact 
on a angle gas selected from the group consisting of is 
the foSoftfing A through H: 

A. Nitrogen gas 

B. H^goB 

CHOgas 20 
□.Ammonia gas 

E. The mixture of tv^ or more gases of A to D 

R The mixture of any of A to D and an inert gas 

such as argon, neon, or the Bke 

QThemixtureof anyof AtoDanddrycDcygen 2s 

H. The mixture of any of A to D and steam-oontain- 

ing oscygen 

Any of the atxive gases A to H are suited for modi- 
fying, through nHrki^tton. a aicondODddefibn deposited 30 
on. for example, a siicon substrate of a semiconductor. 

Preferably, exposure to plasna is performed while a 
heat treatment temperature is rmimained \»nthln the 
range of 0 ""C to TOO^C. Lo^-temperature oxynitridation 
enables the achievement of the object of the present as 
invention. 

According to the above-nrtentioned method of the 
pr^ent invention, an insulating film t^'ng a thickness 
of 1-20 nm is deposited on a semtccrtductor substrata 
Subsequerrtly. the thus-deposited insulating film is 40 
exposed to plasim generated by electron impact vtfhae 
semiconductor substrate temperature is maintained at 
TOO'^C or lower. As a result, an insulating film having 
uniformly high qt^ity can be formed on a semiconduc- 
tor substrate in an efficient rational manner and v»th 45 
good controllability. 

In the thus-formed insulating film, nitrogen atoms 
are contained at a relatively high concentration near the 
surface of the f Bm and near the interface between the 
insulating film and the seotconductor substrate. Nitro- so 
gen atoms contained near the interface improve inter- 
face properties and enable the fbrnration of a high- 
quality insulating film having a low interface state den- 
sity. 

Further, nitrogen atonr« contained in the this- 55 
formed insulating film near the surface improve surface 
properties of the insulating fBm. Thus, the irYsulating film 
becomes suffictefrfly fine against diffusion tt^ereinto of 


impurities, such as boron. 

The quality of an insuM'ng f am formed in accord- 
ance with the pr^ent invention depends on a method of 
depositing an original kisu^tmg film on a semiconduc- 
tor surface. Also, an oxynrtridation rate, the nitrog^ 
content of an Insulating film, and the depttiwise distribu- 
tion of nitrogen corrtained in an insutating film depend 
on the temperature and time 0^ heat tr^tment, the type 
of gaseous atmo^)here. ttie temperature of a thermoe- 
lectron routes for carrying out dectron cm^ct. and a 
voltage applied t>etween a grid and a fSantent for aocel- 
mtion of electrons. Under preferred confiEtions of the 
present invention, an oisuiating fSm deposited on a 
semtconductor substrate can t& nitrided at a tempera- 
ture of 0 to TOO^C. 

According to the present invention, an insulatir^ 
fSm can t>e modified at a to^ temperature not higher 
than 700*>C through expose to pbara gen&ated tjy 
^ectron impact. Through of tiie this-modified Insu- 
lating fBm as a gate InajteAtng film, an UGS device f»v- 
ing high pertorrmmce can be realized. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The structire and futures of the mattiod and appa- 
ratus for forntng an inaiatktg fSm on the surfoce of a 
semfoonductor substrate acoorc&tg to the present 
Mention wiD t>e reac% appreciated as the ^urte 
becomes t^e^ understood tTy referrirtg to ttie drawing. 
mwNch: 

FIGS. lAtolFaresectiomlvie^showingaproc- 
ees of forming an ^^OS capacitor through use of a 
mettiod for modifying an msuMng fim deposited 
on a sem3conductor aibstrate according to a first 
embodiment of the present invention; 
FIG. 2 is a graph showing x-ray photoelectron ^}ec- 
trosco;^ ^^ectra whxh were obsaved by spectro- 
scopy; measurement of a alicon c£oxide fflm formed 
tsy heating a aBcon ajbstrate at a temperatuR^e of 
850*0 for 12 minute in a steam-contaming oxygen 
almo^)here after wa^ng and rentoval of native 
cxide film; 

FIG. 3 is a graph showing x-ray photoelectron ^}ec- 
trosco^ ^)ectra wttch were d^erved t^ ^)ectro- 
scopic m^isurement of the silicon dioxide fflm 
whsch had been eo^osed. at 2S^ for 1 hour, to 
nitrogen plasma generated tff ^ectron innpact; 
FIG. 4 is a graph shcwflng synchrotron ratfiation 
uHravidet photoelectron ^>ectroscopy ^3ectra 
which were observed by spectroscopic measure- 
ment of ttie silioon ctodde film fonmed on the silicon 
substrate; 

FIG. 5 is a graph showing synchrotron racfiation 
uttravtolet photoelectron spectra which were 
observed by spectroecopec measurement of tiie sfl- 
icon dioxide film which had been e^DOsed. at 25'*0 
for 1 hour, to rvtrogen plasma generated by electron 
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impact; 

FIQ. 6 is a graph sho^ng the resuK of pjotting the 
ratio of the quantity of nitrogen atonns to the sum of 
the quantity of oxygen atoms and the quantity of 
nitrogen atoms along cfistance from an insulating s 
fSm surface for an insulating film vvhich was 
obtained by modifying the siicon dioDdde fim 
through esqposure. at TS^'C tor 1 hour, to nitrogen 
plasrra ger>erated t>y electron impact; 
FIG. 7 Is a graph drawing x-ray photoelectron ^)ec- lo 
troscopy spectm which were observed by ^>ectro- 
scopic meaajrement of the sificon dtoxkie f9m 
wfwrfi had been exposed, at 7WC for 1 hour, to 
nitrogen p^sra generated by electron impact; 
FIG. 8 is a graph ^^owing synchrotron radiation is 
ultraviotet photoelectron ^^ectra which w^-e 
observed by ^)ectroGoo;xc measurement of the al- 
icon dioxide fBm which had be«i exposed, at 700*C 
for 1 hour, to nitrogen pSasnm g»ierated by electron 
impact; ^ 
FIG. 9 is a graph showing the result of pSotting the 
ratio of the quantity of nitrogen atonic to the sum of 
the quantity of oxygen atonr^ and the qiantity of 
nitrogen atoms along distance from an insulating 
fflm surface tor an insulating fflm whxh was 2S 
obtained modifying the siicon ctodde film 
through exposure, at 700"C for 1 hour, to nitrogen 
pSasrra generated by electron inrtj^ct; and 
FIG. 10 s a a:henHtic view showing an ^sparatus 
tor forming an insulating film on semScoriductorajb- so 
strata surface accordirtg to a second emt)OcfimerTt 
of the present invention. 

BRIEF DESCRIPTION OF THE PREFERRED 
EMBODIMENTS « 

Embodiments of the present invention will next be 
described \n detail with reference to the drawings. 

FIG. lAto IF show a process of forming an tfwulal- 
Ing fam on a swnSconductor substrate accordng to a 40 
first embodiment of the present invention. In the present 
embodin^. an MOS capacitor is formed on a siEcon 
substrate, which is an example of the semiconductDr 
substrate. 

(1) An isolation region 2 and an active region 4 
were tanned on a silicon sidjstrate 1 through use of 
a known selective oxidation technique. A native 
oxide fam 8 \ft«s present on the surface of the active 
region 4 (FIG. 1 A). ^)ecifically, the silicon substrate so 
1 wasa p^type(IOO) substrate taving a resistivity of 
lO-ISOcm. The isolation region 2 was an LOCOS 
(local oxidation of silicon) oxide f ilm having a thick- 
ness of 500 nm. 

(2) In order to dean the active region 4. a wafer was 55 
cleaned by a known RCA cleaning method (W. 
Kern, D. A. Plutien: RCA Review, 31. pp. 187. 
1970). Subsequently, the wafer was immersed in a 


dilute HF solution (0.5 vol. % aqueous solution of 
HF) for 5 minutes, thereby removing the native 
oxide fam 8 from the surface of the sdkxxi sii>strate 
1 (FIG. IB). In order to Ibnn a hcghK^uality siloon 
doxide film on a silicon aibstrate sitffoce 3. the siff- 
face 3 must be dean. Accordn^y, after renraval of 
the native oxide film 8 from the surface 3, impurities 
must be renxsved from ttie surface 3. 

(3) The wafer was rinsed with uKrapure water for 5 
minutes. Subsequently, the wafer was oxidized at a 
temperature of aso^'C ki a steannxntaining oxyg^ 
atmo^)h^e. thereby forming a silicon dicxide film 5 
having a thickness of 8 nm on the aBcon substrate 
1 (FIG. 1C). In addition to the above-mentioned 
therrml oxidation metfiod of the present embocfi- 
ment. msthocte of forming an insi^ng fOm on a 
semioonductor substrate surf^ indude the foSow- 
ffig: a vafjor^stase growtti ntetfiod which monop- 
lane is thenralty decomposed and deposited on a 
substrate ^rface; a ^xittering metusd; an dectron 
beam etmporation method; a resistance heating 
evaporation method; an Bnode oxidation method; 
and a chemical nrathod for forming a siltoon dioxide 
fam 01 whtch a semtoortductor is knmersed in nitrfo 
actd. perchforic add, or the like. 

As mentioned above in (2), the native oxide fam 
8 must be removed completeiy in order to form, in 
ttie next step^ the dean, homogenots sSkxsn cfiox- 
tde fSm 5. 

(4) A tun^en filarr^ was heated to a tempera- 
ture of 1400^0 in a nitrog^ atmo^shere having a 
reduced pr^sure of 1 .5 x 1 0'^ Ton-. A vottage of 53 
V was a^ied t>^ween tfie fOament and a grid elec- 
trode so as to accelerate thermoeSectrons enrritted 
from thefBamwTt and to nrake the accelerated ther- 
nrrodectrons impinged on nitrogen molecules, 
thereby generating nitrogen plasna. TT>e sHicon 
dScxide film 5 was exposed to the generated 
plasma, obtaining a modified insulating film 6 (FIG. 
ID). In this case, the semiconductor substrate was 
heated to a temperature of 7D0**C or aRowed to 
stand at room tenrtperature. A vdtage of -10 V with 
respect to the grid electrode was applied to ttie 
senticonductor substrata As a result of this voltage 
application, positive ions and electrons in pSasna 
impinge, in the sarhe amount on the semiconduc- 
tor su!>strate. Consequently, curent became zero 
in ttie impingement position of ttie semiconductor 
substrate, thereby preventing danage to ttie ffisu- 
lating fDm 6 which would olhenftftse result from a 
diarge-up effect 

(5) An aluminum f ilm 7 was deposted in a ttiickness 
of 1 Jim ttirough sputtering (FIG. IE). A gate elec- 
trode was patterned on ttie aluminum film 7 by a 
known photoJitho^aphy techntque. Subsequentiy, 
ttie aluminum fSm 7 was etched by a known dry 
etcrtng technique, ttiereby fornrting a gate electrode 
9(FiaiF). 
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FKa. 2 shows x-fay photoelectron spectroscopy 
(hereinafter referred to as XPS) spectra which were 
observed l>y spectroscop«c meaairemerrt of the sificon 
dioxide film 5 after the silicon wafer was heated at a 
temperature of dSO'^C for 12 minutes in the steam-con- 
taining oxygen atmosphere. 

The above-mentioned XPS ^>ectra were measured 
through ise of a spectrom^er. ESCALAB22a-XL, from 
VG SCIENTIFIC. In this case, an 6mpk>y6d X-my 
source was an Al Ka radiation source havkig an energy 
of 1487 eV. Photodectrons were observed in a cBrection 
perpendicular to a film airtace. A peak (1) is d^ived 
from photoelectrons from an O Is orbital of the sEcon 
dioxide fBm 5. The measured spectra reveals that no 
peak is present in an N Is ort)Hal region, indicating tt»t 
retrogen atom are not contained in the ^Hcon dk»ide 
fam 5. 

FIG. 3 shows XPS ^>ectra which were observed by 
spectroscopic measurement of the aTtcon dioxide film 5 
which ted been exposed, at 25'*G for 1 hour, to nitrogen 
plasrra generated t)y electron impact in the step of FtQ. 
ID. 

As seen from FIG. 3, a peak (2) is derived from pho- 
toeJectrons from an N Is Oft)ital. Based on the areal 
intenaty ratk) between the peak (2) and the above-men- 
tioned peak (1), the ratio of the number of rtitrogen 
atom contained ffi a surface region ran^ng from the 
surface to a depth of about 3 pm to the sum of the 
number of oxygen atonre contained in the re^on and 
the number of nitrogen atoms contained in the reSgion 
was cateu^ed as 29%. The depth of about 3 nm is a 
depth of release of photoelectrons. This indicates fhsA 
through exposure of the silicon dioxide f 9m 5 to nitrogen 
plasma generated by electron impact, nitrogen atoms 
are incorporated into the film, i.e., the fHm is modffied. 

FIG. 4 shows synchrotron radiatk)n uHravk)let pho- 
todectron q^ectrosccpy (hereinafter refeaed to as 
UPS) ^)ectra which were observed by ^jectroscojfxc 
measurement of the silicon cfioxide film 5 formed on the 
silicon substrata 

The UPS spectra were measured at the National 
Laboratory for High Energy Physics through use of the 
BL-3B beanrvtine. In this case, the energy of an inddent 
beam was 65 eV. Through absorptx)n of the inddent 
beam energy, photoelectrons are released over a depth 
of G-7 angstroms. Accorcfingly, an observed region 
ranges from the surface to a depth of 6-7 angstroms. 
The employed reference of energy was Fermi level. A 
peak (1) is derived from photoelectrons from an O 2s 
ort^tal. 

FIG. 5 shows UPS spectra which were observed by 
spectroscope measurement of the silicon dk)xide film 5 
which had been exposed, at 25«C for 1 hour, to nitrogen 
piasn^ generated by electron impact in the step of FIG. 
ID. 

In this case, the energy of an nicident beam was 65 
eV. A peak (2) is derived from photoelectrons from an N 
2s ort>ital of silicon nitnde (Si3N4). A peak (3) is derived 



from photoelectrons from the mixed oft}ftal of an N 2p 
ortxtal of Si3N4 and an Si 3s orbital of Si3N4. A peak (4) 
is derived from the mixed ortHai of an N 2p ortDital of 
S43N4 and an Si 3p orbital of Siaisu. A peak (5) is derived 

5 from photoelectrons from an N 2p nonbonding ortxtal. 
(C. Senemaud. M. Driss-Khodja. A. G^eorghiu. 8. 
K^el. G. Dufour. and H. Roulet "Journal of Applied 
Physics," Vol. 74 (1993). p5042) 

The above ^P^ctral feature indicates that through 

10 ewataotti ftf iW©^ tempera- 
tur©,'^ fwogen prisma gi 

.. jf-i-r-T-^aggfyc^gNty^-g^T ' 


15 RG. 6 ^K)W8 the result of ptotting the ratio of the 
qiantity of nitrogen atoms to the sum of the quantity of 
Gxygen atoms artd the qientity of nitrogen atoms atong 
dstance from an inajlating film sur^ce tor the insulating 
fSm 6 which was obtained by modifymg the silicon dion- 

20 ide fam 5 through expire, at room temperatiffe, to 
rvtrogen pSasna gerterated by electron impact 

The above pkmed measurements were obtained in 
the following rmnner: the surface of ttie Insulating film 6 
was gradually ^ched by m^ns of argon ions t^ng a 

25 Mnetic ^ergy of 2 keV: subsequently, the fSm 6 was 
mea^red for XPS spectra. As seen from FIG. 6, the 
qiantity of nitrogen atoms is large near the suriace of 
the insulating fSm 6 and is neut brge r^ear the interf^^e 
t)^we6n the insiiating f9m 6 and the silicon substrata 

30 The ^30ve-mantk)ned increase in the qi^itity of 
nitrogen atoms near the interface is not caused ^ a 
rtftrogen-atom drive ph&)omenon induced by incident 
argon ions, i.e., not caused by a knock-on effect of nitro- 
gen atoms. If tfie tarock-on effect is involved, the quan- 

35 tity of oxygen atorm nmst also increase near the 
interiace t>ecai£e the miss of an oxygen atom is dose 
to that of a nitrogen atom. However, the quantity of oxy- 
gen atoms is decreased near the interfaca 

Nitrog&i atorre which exist near the surtice of an 

40 insulatir^g film prevent impurities, such as boron con- 
tained in a gate electrode of a P channel transistor of a 
di^ gate CMOS d6vk». from entering the insulating 
film. 

Also, nitrogen atoms which exist near the surface of 
46 an insulaling film conceivably t^minate dangling bond, 
strain bond, or the fike n^ the interface between an 
QDode film and an upper electrode (aluminum in the 
present embodiment: poJycrystaJline silicon in some 
case). Effects yieided by this feature include a reduction 
so in interface state, an increase in dielectric breakdown 
charge amount, and dielectric breakdown voltage. 

Also, a peak derived from nitrogen atoms is also 
observed near the interface between an oxide film and 
a silicon substrate. In an MOS structure, the interlace 
55 between an oxide film and a silkx)n substrate plays a 
very important role in terms of electrical properties such 
as dielectric breakdown properties and interface proper- 
ties. Nitrogen atoms wtvch exist near the interface also 
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firmly terminate dangling bond, broken bond, and strain 
bond near the interface, thereby reducing interface state 
density and preventing an impairment in a portion of an 
insulating film located near the interface which wwid 
othenft^ occur due to application of a cunent stress. 5 
Thus, the method for forming an insulating fim »xord- 
ing to the present invention can modify properties of an 
irsulating fflm in tenrro of both surface and Interface, 
thereby enabSng the realization of a high-perfbrmance 
ultra-thffi insulating film. 10 

FIG. 7 shows XPS ^>ectra which were observed by 
^)ectroscopic measurement of the silicon diowde film 5 
which had been exposed, at TOO'C for 1 hour, to nitro- 
gen plasnr^ generated by Section impact. 

Based on the areal intensity ratio between a p^ i5 
(2) and a peak (1 ) derived from photodectrons from an 
0 Is orbital, the ratio of the number of nitrogen atoms 
contained in a surface re^ ranging from the surface 
to a depth of about 3 nm to the sum of the number of 
oxygen atons contained in the region and the number 20 
df nitrogen atoms contained in the respon was calcu- 
lated 35 11%. Binding energy at the peak (1) revealed 
tfat 1 nitrogen atom was t>oimd to 3 silicon atoms. 

FIQ. 8 ^wws UPS ^;>ectra which were observed b^f 
^)ectro8CO|»crrieasuremerit of the silicon dioxide films 25 
whcch had be^ &qx>S6d. at 700*C for 1 hour, to nitro- 
gen p^snm g&>erat6d by electron imj^tct. 

A p^ (1) is derived from photoelectrons from an O 
28 ortMtal. A peak (2) is derived from photoelectrons 
from an N 2s ortxtal. A spectral profBe over a bkufing 30 
energy range of 0 eV to 1 5 eV changes to some d^ee 
as a re^ of exposure of the silicon dioxide film 5 to 
rvtrogen pJasrra. However, a peak derived from Si3N4 is 
not observed. A relatively small nitrogen content of 1 1% 
has revealed that an oxynitrtde film 6 formed at a sur- as 
face region of the snk»n dioxide film 5. 

FIG. 9 shows the result of plotting tiie ratio of the 
quantity of rtitrogen atoms to tt^ sum of the quarrtity of 
oxygen atoms and the quantity of nitrogen atoms alor^ 
distance from an insulating tarn surface for the ir^ulating 40 
film 6 which was obtained by modifying the ssficon dioK- 
ide film 5 ttvough exposure, at 700*C, to nitrogen 
pfasrra gene'ated by electron Impact The pkTtted 
measurements reveal that the quantity of nitrogen 
atoms is refalively farge near the surface of ttie film 6 <6 
and near the interface between the film 6 and the silicon 
substrate. 

The above-merrtioned results indicate that nitrogen 
can be contained in a surface regk)n of an insufating film 
at a refativety Wgh concentration when ttie heating terrv- so 
peratur e of a semiconductor substrate is rather low. The 
nitrogen concentration can be controlled through adjust- 
ment of the heating temperature. In the case of expo- 
sure, at room temperature, to plasma, the nitrogen 
concentration near the surface is significantty higher 55 
tf«n ttw4 near the interfa;e. By contrast, in the case of 
exposure, at 700'*C. to plasma, the nitrogen concentra- 
tion near the interface is higher than ttwt near the sur- 


face. This also demonstrates ttiat ttie nitrogen profile in 
the film can be controlled. 

Next, a second embodiment of the present inven- 
tion will be described. 

FIG. 10 shows a schematic configuration of an 
apparatus for forming an insulating f 9m on the surface of 
a senticonductor substrate. 

As shown in FIG. 10, in a horizontally ekmgated 
chamber 101, a semiconductor substrate 102 is sup- 
ported horizontally on support pins 101 A. The chamber 
101 is formed of sfainim steel SUS 316 and has a vol- 
ume of about 18000 cm^. 

A thermoelectron source (tungsten filament) 104, a 
grid electrode 105. and a me^ electrode 105 ^e pro- 
vided at an upper portion of the chamber 1 01 . A voltage 
can be applied to both ends of the hlament 104 so as to 
heat the filament 104 in order to release thermoeleo- 
trons from the heated filament 104. A voltage can be 
applied to the grid eiectrode 105 ^ as to accelerate 
thermoelectrons released from the faanvent 104. 

A voltage can also be appSed to the me^ electrode 
108 and the semiconductor substrate 102. Througfi 
s^ustment 6f the applied voHages. 'rotdent cfmrge on 
the surface of an insulating fSm can t>e nnde z^a to 
therd>y prevent the cfnrge-up ^fect on the insulatirtg 
fSm. hfalogen lamps 103 are tocated above and under 
the chamber 101. The chamber 101 hBS quartz gSass 
windows at portions corr e spondSng to the tmtogen 
lamps 103. The Mogen lamps 103 are atfapted to heat 
the s&nkxxiductor substrate loe. 

In the above-mentioned apparatus for forming an 
insulating film, an oxygen introcktction fine 107, a v^er 
vapor introduction Kne 108. a nitrogen gas introduction 
line 109, an N2O gas introduction line 110, an NO gBS 
introduction line 111, an argon gas introduction line 112, 
and an HF gas irttroduction line 113 are connected to 
the left-hand end (FIG. 10) of the chamber 101. These 
gases react singly or in combination on the surface of 
the senrconductor 102. The introduced gas (gases) is 
evacuated from an evacuation port 114 located at the 
right-hand end (FJG. 10) off the chamber 101. An actual 
apparatus has a semiconductor ajbstnrte tran^ 
mecfanism. a control unit, 9 power unit, a tmperature 
m^ajren^ wiit etc. The present embodiment 
merely r^ers to a chamber and its peripheral portion 
related to an process and to voHage application. 

Ned will be described a process of fommng an rau- 
lating film on a substrate through use of an apparatus 
having the above-described structure. In this case, a 
single crystalline sflicon ajbstrate having a diameter of 
200 mm and a surface area of 314 cnrf was iced as the 
semiconductor substrate 102. 

First tiie semiconductor substrate (single crystal- 
line silicon substrate) 102 was set in a predetenrtined 
position witftin the cfwnber 101. In order to remove a 
native oxide film from the surface of the substrate 102, 
anhydrous HF gas was introduced into the chamber 101 
at a flow rate of 20 cc/min for about 30 seconds. 
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As a result the native o»de fSm v^s connpletely 
removed from the surface of the semicofttluctor sub- 
strate (single crystalline silicon substrate) 102. and a 
dean silicon surface was eocposed. 

Next whfle oxygen gas was being introduced into s 
thect«mber101 ataflowrateofSOObccArnin, the sem- 
iconductor substrate (single crystalline silicon sub- 
strate) 1 02 vyas heated by the halogen lamps 1 03 such 
that the substrate suitace temperature becomes 1000 
''C. Heating at the temperature was maintained for 120 io 
seconds. As a result a aficon doodde fSm having a 
ttiictoiess of 8 nm was forrned on the surface of the aib- 
strata 102. At this time, through the introduction of water 
vapor oistead of oxygen or together with oxygen, a sili- 
con ctodde fibn having a predeternraned thicfcness will is 
be able to be obtained at a lowertemperatura 

Subsequently, the chamber 101 v^s evacuated. 
Then, ratrogen gas was introduced into the dumber 
101 80 as to estabSsh a pressure of 0.5 Ton within the 
diamber 101. In this case, theflow rate of nitrogen ^s zo 
was50cc/min. 

Next the filament 104 was activated so that it v^s 
heated to a temperature of 1300°C. A voltage of 23 V 
with respQtt to the filament 1 04 was applied to the ^ 
electrode 105 so as to generate nitrogen pten» 2s 
throuc^ electron impact on nitrogen moJecdes. 

In this case, a voltage of -5 V with re^jed to the 
grid ^ectrode 105 was appSed to the n^esh eSedrode 
108. A vottage of *10 V with req)ect to the grid electrode 
105 was appfied to the sentcondudor substrate (^ngle 30 
cr^Bne alicon substrate) 102. The substrate 102 
was heated by the hatog^ ^mps 103 saich that the 
substrate surface temperature l^ecomes 400 "C. In this 
state, a silicon cfioxide film was exposed to nitrogen 
plasnn for 1 hour, thereby modifying the silicon dioxide 3S 
film. 

Also, in the pres«Tt embodiment, the nitrogen atom 
concentration of an insulating film and ttie depthwise 
prdOe of nitrogen atoos contained in the insulating film 
can be ^ly controlled through acj^istment of the fol- ^ 
lowing factors: the heating temperature off the semicon- 
ductor substrate (single crystalline siicon substrate) 
102; the fbw rate of nitrogen gas introduced into the 
chamber 101; time for which an insulating fflm is 
exposed to plasnn; the temperature of the fiament 104; 4S 
and a voHage applied to the grid electrode 105. 

After an oxynitride film is formed on the surface of 
the semiconductor sut^strate (single crystalline silicon 
substrate) 102. an MOS device can be fat^ted in 
accordance with the MOS capacitor fabrication flow of so 
FIG. 1. 

The present embodiment has been described while 
nitrogen gas is employed. However, the object of the 
present irwention can be achieved tivough use of any 
compound gas other than nitrogen gas so long as nitro- ss 
gen atoms are contained. Examples of sudi a com- 
pound gas indude NgO gas. NO gas, and ammonia In 
this case, argon gas. neon gas. or like gas nray be 


mixed in. 

The present embodiment has been described while 
the semiconductor siA)strate 102 is heated at a temper- 
ature of 400 *C. However, the substrate heating temper- 
ature is not limited thereta The substrate 102 rnojf be 
heated at a temperature of O^'C to 700^0. 

The present embodim^ has been described while 
the halogen lamps 103 are used to heat the air^ of 
the sennxmtuctor substrate 102. A heating method is 
not fimHed ther^ Resistance hating tmy be 
employed. 

The first and second «nbodimsras have t>een 
d^cr&>6d while a single crystalline siTicon aibstrate is 
used as a semiconductor ajbstrate. However, sub^rate 
noterial \s not Gmited ther^a The semiconductor sub- 
strate may be of polycrystalline siTicon. amorphoi^ siE- 
con. ^lium arsenide, indium phosphide. sSoon 
ger n^iuni. silicon germanium carb^e, or st&con Gar- 
ble. 

The present invention is not limited to the above- 
d^cribed embodiments. Numerous motfifications and 
variations of the pr^ent invention are possible in light of 
the sfxrit of the present invention, and they are not 
exduded from the scope of the present inv&ition. 

aaims 

1. A method for forming an insulting film on the sur- 
face ot a semkxms&ictor substrate, oomprisrtg a 
step of exposng to plasrrm g&)erated by ^edron 
impact an raublmg fflm formed on the surface of 
the sento)nductor substrate (1). 

2- A mettwd for forming an insulating fflm on the sur- 
face of a senrcondudor aibstrate accojt&ig to 
Claim 1. wher«n the insulating film formed on the 
surfto of ttie senvconductor subetrate is a sfficon 
GKtde film having a thickness of 1-20 nm, 

3. A method for forming an insulating fflm on ti^e sur- 
face of a semiconductor aibstrate accorc£ng to 
Claim 1. wherein plasna is generated by electron 
impact on a gas se| ected from the group corts^ting 
of a nitrogen-atonvconteining compound gas. nitro- 
gen, dinitrogen nxmoxide (N2O). nitrogen monox- 
ide (NO), and ammonia. 

4. A nr^ethod for forming an insulating fflm on tfie sur- 
face of a semicontfejdor substrate accorcfing to 
Claim 1, wherein the semkx)nductor substrate is 
fonmed of at least a single rraterial selected from 
ttie group consisting of single crystalline stficon. 
polycrystalline silicon, anrtorphoifi silicon, gallium 
arsenide, indium phosphkie. silken carbcde. siricon 
gern»niiffn. and sJUkxxt genrantum caibkje 

5. A method for forrrung an insulating fim on the sur- 
foce of a senraoonductor substrate accorcfing to 
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Claim 1. wherein the insulating film formed on the 
surfece of the semiconductor substrate s a film 
formed through thermal oxidation, chemical vapor- 
phase growth, chemjcal oxi(ktion. plasma-asasted 
chemicai vapor-phase growth, physical^ vapor- 5 
phase growth, or the lika 

6. A m^hod for forming an insulating film on the sur- 
tece of a semioonductor 8ut>strate aocorcfing to 
Claim 1, wherein two peaks of nitrogen concentra- 10 
tion exist ffi the insulating film, one near the surface 

of the film and the other near the interface l)e(ween 
this insutatirYg f Om esxA the semioonductor ^jbstrate 
and wfierein the peaked nitrogen concentrations 
range between 0.1% tjy atom and 60% tsyatora rs 

7. An apparatus for carrying out the metttod of Claim 
1 . comprising: 

a chamber formed of metal and having q^j&rlz 20 
windows; 

hafogen lamps di^)0S6d above and under satd 
chamber and adapted to heat a semiconductor 
substrate through the quartz windows; 
a filament to wfrch voltage levied for gener- ss 

ating p^ara; 

a grid electrode c£^)osed above said filamsnt 
and supplied a voltage; and 
a nrtesh electrode disposed beiow sakj filaiTtent 
and supplied with a voltage; so 

wherein said mesh electrode, said fig- 
ment and saU grid electrode are located 
above the sennicortductor substrate; and a gas 
is introduced into said chamber from one end 
of said chamber and is evaciated from the 3S 
other end of said chamber (101). 

a An apparatus accoiding to Oaim 7. wha^ein gas to 
be introduced into said chamber includes anhy- 
drous HF. oxygen, water vapor. NaO, NO. NH3, and 40 

N2. 
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